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ABSTRACT
We present proper motion measurements of 37 jets and HH objects in the Carina Neb-
ula measured in two epochs of Hα images obtained ∼ 10 yrs apart with HST/ACS.
Transverse velocities in all but one jet are faster than & 25 km s−1, confirming that
the jet-like Hα features identified by Smith et al. (2010) trace outflowing gas. Proper
motions constrain the location of the jet-driving source and provide kinematic confir-
mation of the intermediate-mass protostars that we identify for 20/37 jets. Jet veloci-
ties do not correlate with the estimated protostar mass and embedded driving sources
do not have slower jets. Instead, transverse velocities (median ∼ 75 km s−1) are sim-
ilar to those in jets from low-mass stars. Assuming a constant velocity since launch,
we compute jet dynamical ages (median ∼ 104 yr). If continuous emission from in-
ner jets traces the duration of the most recent accretion bursts, then these episodes
are sustained longer (median ∼ 700 yr) than the typical decay time of an FU Orio-
nis outburst. These jets can carry appreciable momentum that may be injected into
the surrounding environment. The resulting outflow force, dP/dt, lies between that
measured in low- and high-mass sources, despite the very different observational trac-
ers used. Smooth scaling of the outflow force argues for a common physical process
underlying outflows from protostars of all masses. This latest kinematic result adds
to a growing body of evidence that intermediate-mass star formation proceeds like a
scaled-up version of the formation of low-mass stars.
Key words: stars: formation — jets — outflows
1 INTRODUCTION
Bipolar outflows appear to be a ubiquitous feature of star
formation. Outflows are observed from both low- and high-
mass sources, where the active accretion of the embedded
protostars must power the outflows. The underlying phys-
ical mechanisms responsible for jet launch and collimation
are not well-understood, especially for higher-mass sources
where the geometry of the circumstellar accretion disk may
be appreciably different than in low-mass stars (e.g., Vink
et al. 2002). Differences in the outflow morphology seen be-
tween low- and high-mass sources have been cited to sug-
gest that the dominant physical processes may not be the
same across all ZAMS masses (e.g., Shepherd et al. 2003).
Highly collimated jets have been observed from many low-
mass (< 2 M) sources (e.g., Ray et al. 1990; Reipurth
et al. 1998; Bally & Reipurth 2001). In contrast, there are
few reports of small opening-angle outflows from high-mass
? email: mreiter@umich.edu (MR)
(> 8 M) sources (e.g. Lacy et al. 2007; Guzma´n et al. 2011,
2016).
In this paper, we make the distinction between jets
and outflows according to their morphology and kinemat-
ics (e.g., Frank et al. 2014). Fast, narrow jets have small
opening angles (∼ 5◦) and higher velocities than the typical
CO outflow (on the order of ∼ 100 km s−1). Jets appear
to be launched near the protostar and quickly collimated
into narrow streams above the poles of the star. Many col-
limated jets have been observed emanating from low-mass
protostars where they propagate outside the natal cloud and
can be observed in near-IR and optical images (e.g., HH 34,
HH 46/47, HH 111).
In contrast to jets, outflows are slower (∼ 10s of
km s−1), often with wider opening angles. Outflows may
be launched from a variety of radii in the disk, and/or en-
trained from the circumstellar environment by the underly-
ing jet, or a combination of the two. Molecular outflows are
seen from sources of all masses, often in CO (e.g., Gueth
et al. 1996; Gueth & Guilloteau 1999; Zapata et al. 2005;
c© 2017 The Authors
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Hull et al. 2016) or SiO (e.g. Gueth et al. 1998; Hirano et al.
2006; Codella et al. 2007; Lo´pez-Sepulcre et al. 2011), and
occasionally in less abundant molecules (e.g. Lee et al. 2007;
Tappe et al. 2008; Podio et al. 2015). Outflows are observed
to have a variety of opening angles, from narrow, jet-like
flows (e.g., HH 212, Gueth & Guilloteau 1999) to extremely
wide features more characteristic of the widening of the cir-
cumstellar envelope. Indeed, the opening angle of the out-
flow may be an evolutionary indicator (e.g., Arce & Sargent
2006). Higher mass sources tend to be deeply embedded in
their early evolution, so their mass loss tends to be observed
as molecular outflows (e.g., Fuente et al. 2001; Beltra´n et al.
2008; Brown et al. 2016).
Similar outflow behavior regardless of the mass of the
driving protostar argues strongly for a common physical
mechanism governing their launch and collimation. This is
of particular interest for higher-mass driving sources where
the accretion mechanism is not understood in detail. How-
ever, the complexity of typical high-mass star-forming re-
gions makes it challenging to observe individual sources with
the same techniques used for isolated low-mass protostars.
High-mass stars are rare, and therefore found in more distant
regions. Large column densities obscure the accreting proto-
stars during their brief pre-main-sequence evolution, requir-
ing long-wavelength observations where several sources may
be unresolved in the beam (see, e.g., Maud et al. 2015).
Fortunately, intermediate-mass (∼ 2 − 8 M−) stars
provide a bridge between low- and high-mass sources in
both the physics of formation and observational accessibil-
ity. Compared to high-mass stars, they are more numerous
in nearby regions, with examples in relatively unobscured
environments that can be studied with the same techniques
used in low-mass stars (e.g., McGroarty et al. 2004; Eller-
broek et al. 2013). At the same time, observations of molecu-
lar outflows from embedded intermediate-mass sources (e.g.,
Beltra´n et al. 2008; van Kempen et al. 2012, 2016) provide
a more direct comparison with the typical observation of an
outflow from a high-mass star (e.g., Maud et al. 2015).
The Carina Nebula hosts the largest known population
of jets driven by intermediate-mass protostars in a single re-
gion. Smith et al. (2010) discovered 40 jets and candidate
jets in their Hα survey with HST/ACS. More than 65 O-
type stars form a giant H ii region within Carina (Smith
2006a). Their combined UV radiation lights up the nearby
jets, revealing material in the jet body that lies between
shock fronts and would remain invisible in more quiescent
regions. Smith et al. (2010) infer that the jet-driving pro-
tostars are likely intermediate-mass sources, based on the
high mass-loss rates estimated from the Hα emission mea-
sure. Bright [Fe ii] emission observed in every jet targeted
for near-IR follow-up indicates high densities in the bodies
of these jets (required to prevent ionization to Fe++, see
Reiter & Smith 2013; Reiter et al. 2016). Jet densities in-
ferred from the [Fe ii] emission are an order of magnitude
higher than estimated from Hα, leading to a corresponding
order of magnitude increase in the mass-loss rate. Spectra
and proper motions measured for four of the most power-
ful jets reveal outflow velocities similar to those measured
from low-mass stars (Reiter & Smith 2014). Proper motions
also provide kinematic confirmation of candidate jet-driving
sources that have been identified near the axis of the jet
(Ohlendorf et al. 2012; Reiter & Smith 2013; Reiter et al.
2016).
In this paper, we present proper motions of 37 jets and
HH objects in the Carina Nebula. Unlike Reiter & Smith
(2014) which only considered four jets with multi-epoch
imaging, we report transverse velocities for all of the HH
jets in Carina discovered by Smith et al. (2010). To do so,
we use two epochs of images obtained with the same narrow-
band filter and camera separated by a longer time baseline
(∼ 8 − 10 yr, compared to ∼ 4 yr in Reiter & Smith 2014)
in order to minimize systematic uncertainties. First results
from this program were presented in Reiter et al. (2015b,a,
2017).
2 OBSERVATIONS
We present new HST/ACS Hα images of the Carina Neb-
ula obtained between 21 February 2014 and 28 June 2015
under programmes GO-13390 and GO-13791. These second
epoch observations were designed to duplicate the observa-
tional setup of the original HST/ACS Hα survey of Carina
presented in Smith et al. (2010) as closely as possible. The
new data cover all of the fields imaged in Carina and in-
clude 35 jets and candidate jets (see Figure 1). NGC 3324
was not included in the second epoch observations, so we
are unable to measure proper motions of the two jets and
two candidate jets in that region. However, we include two
jets in Carina that were discovered in subsequent analysis
of the original survey data (HH 1164, Reiter et al. 2016 and
HH 1019, Reiter et al. 2017) for a sample of 37 jets.
The first epoch of ACS observations was taken in 2005–
2006 (programmes GO-10241 and GO-10475; see Smith
et al. 2010). Observations were organized in groups by orbit,
with each orbit composed of three pairs of CR-SPLIT expo-
sures. In most cases, the three pairs were arranged to form a
205′′× 400′′tile, with the exposure offsets designed to fill in
the inter-chip gaps. We repeated these observations in 2014–
2015 (programmes GO-13390 and GO-13791, PI: N. Smith),
aiming to replicate the pointings and position angles of the
original observations as closely as possible in order to limit
position-dependent systemic effects when measuring proper
motions. Due to changes in the HST Guide Star Catalog
over the decade between observations, we were forced to ro-
tate a total of six tiles by ∼180◦. This rotation introduced
an additional component of uncertainty into measurements
of jets located in Tr14, POS 25, and POS 30 (see Table 1).
In both epochs, images were obtained with an exposure
time of 1000 s using the F658N filter (which transmits both
Hα and [N ii] λ6583). Comparing the new data with first
epoch observations allows us to measure proper motions over
a time baseline of ∼ 8− 10 yr; specific dates of observation
and time intervals are listed for each jet in Table 1.
We align and stack the images of each orbit’s tile as
described in Reiter et al. (2015b,a), adapting the method
of Anderson et al. (2008a,b), Anderson & van der Marel
(2010), and Sohn et al. (2012). The twelve images of each
tile (six per epoch) are aligned to a common master reference
frame via the positions of stars measured with point spread
function (PSF) photometry. All reference frames have 50-
mas pixels and are aligned so the y axis points north. Since
the reference frame for each tile is based on the average
MNRAS 000, 1–29 (2017)
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Figure 1. Ground-based Hα image of the Carina Nebula with boxes showing the position of our HST pointings. Position names
correspond to Smith et al. (2010). The location of the jets are marked with white diamonds (outlined in black).
position of the stars in that tile, these reference frames are
not tied to an external proper-motion zero-point. Instead,
they are in the frame of the Carina Nebula, allowing us to
measure the local motions of jet features without having to
correct for Galactic rotation and other large-scale motions.
PSF photometry was performed using the program
img2xym WFC.09x10 (Anderson & King 2006), which em-
ploys a library of chip-position-dependent effective PSFs.
Stellar positions are then corrected for geometric distortion
as per Anderson (2006). The positions of well-measured, un-
crowded stars are used to find the linear transformations
from each exposure into the master reference frame. We re-
peat the fitting process a total of three times, refining the
reference-frame positions based on the results of each iter-
ation. Finally, the six images from each epoch are resam-
pled and stacked into a single image. The stacked images
from two epochs of one observed tile are thus aligned to the
same reference frame and are directly comparable. The for-
mal alignment error across one tile is <2 mas (∼2 km s−1
over 9–10 years at the distance of the Carina Nebula).
Several features of interest were spread across multi-
ple tiles, necessitating an extra step. The eastern part of
HH 666 was observed in a different orbit from the rest of
the object, and the HH 901/902 complex was split across
four orbits. In these cases, we create stacked images of each
tile as described above, then use the stars in common where
the two tiles overlap to derive the linear transformation from
one reference frame to another. Once the positions of all the
stars in the relevant stacked images have been transformed
to a single master reference frame, we find the transforma-
tions from the original exposures to the final stitched refer-
ence frame and re-stack. The alignment accuracy between
stitched orbits is degraded slightly because of the relatively
small overlap between tiles. We estimate it to be .5 km s−1
over the 9–10 year baseline at this distance.
In many cases, the optimal alignment of the two epochs
as determined from the position of the stars differs from that
determined by aligning the dust pillars. Since we are inter-
ested in the velocities of jets from intermediate-mass stars,
we measure knot motions in the frame of the driving source,
which we assume remains stationary. We therefore further
refine the alignment by applying small, linear shifts to the
second epoch to minimize residuals in a difference image. If
the driving source is optically visible, we align the star. For
embedded (unseen) driving sources, we align the images to
minimize subtraction residuals from bright emission along
the irradiated edges of the natal pillars. Thus all proper
motions reported in Table 3 are relative to the (assumed
stationary) jet origin. The fact that these jets are externally
irradiated requires that they lie close to the high-mass stars
MNRAS 000, 1–29 (2017)
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Table 1. ACS observations of HH jets in the Carina Nebula
Target RA DEC Pos Date Date ∆t
J2000 J2000 num 1st Obs. 2nd Obs. [yr]
HH 666∗† 10:43:51.3 –59:55:21 HH 666 2005 Mar 30 2014 Feb 21 8.9
HH 900? 10:45:19.3 –59:44:23 Tr 16 2005 Jul 18 2014 Aug 04 9.1
HH 901∗ 10:44:03.5 –59:31:02 Tr 14 2005 Jul 17 2015 Jan 16 9.5
HH 902∗ 10:44:01.7 –59:30:32 Tr 14 2005 Jul 17 2015 Jan 16 9.5
HH 903 10:45:56.6 –60:06:08 Pos 23 2005 Jun 26 2014 Feb 22 8.9
HH 1004 10:46:44.8 –60:10:20 Pos 21 2006 Mar 13 2015 Mar 11 9.0
HH 1005 10:46:44.2 –60:10:35 Pos 21 2006 Mar 13 2015 Mar 11 9.0
HH 1006 10:46:33.0 –60:03:54 Pos 22 2006 Mar 16 2015 Mar 11 9.0
HH 1007 10:44:29.5 –60:23:05 Pos 25 2005 Sept 10 2015 Mar 11 9.5
HH 1008 10:44:47.0 –59:57:25 Pos 27 2006 Mar 18 2015 Mar 12 9.0
HH 1009 10:44:39.5 –59:28:26 Pos 27 2006 Mar 18 2015 Mar 12 9.0
HH 1010 10:41:48.7 –59:43:38 Pos 30 2005 Sept 11 2015 Mar 12 9.5
HH 1011 10:45:04.9 –59:26:59 Tr 15 2006 Nov 26 2014 Nov 23 8.0
HH 1012 10:44:38.6 –59:30:07 Tr 14 2005 Jul 17 2015 Jun 28 10.0
HH 1013 10:44:19.2 –59:26:14 Tr 14 2005 Jul 17 2015 Jun 28 10.0
HH 1014 10:45:45.9 –59:41:06 Tr 16 2005 Jul 18 2014 Aug 04 9.1
HH 1015 10:44:27.9 –60:22:57 Pos 25 2005 Sept 10 2015 Mar 11 9.5
HH 1016 10:45:53.2 –59:56:05 Pos 24 2006 Mar 15 2015 Mar 11 9.0
HH 1017 10:44:41.5 –59:33:57 Tr 14 2005 Jul 17 2015 Jan 16 9.5
HH 1018 10:44:52.9 –59:45:26 Tr 16 2005 Jul 18 2014 Aug 04 9.1
HH 1019 10:44:00.3 –59:36:15 Tr 14 2005 Jul 17 2015 Jun 28 10.0
HH 1066∗ 10:44:05.4 –59:29:40 Tr 14 2005 Jul 17 2015 Jan 16 9.5
HH 1156 10:45:45.9 –59:41:06 Tr 16 2005 Jul 18 2014 Aug 04 9.1
HH 1159 10:45:08.3 –60:02:31 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1160 10:45:09.3 –60:01:59 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1161 10:45:09.3 –60:02:26 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1162 10:45:13.4 –60:02:55 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1163 10:45:12.2 –60:03:09 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1164 10:45:10.5 –60:02:42 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1166 10:44:45.3 –59:55:50 Pos 27 2006 Mar 18 2015 Mar 12 9.0
HH 1167 10:45:04.6 –60:03:02 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1168 10:45:08.0 –59:31:03 Tr 14 2005 Jul 17 2015 Jun 28 10.0
HH 1169 10:45:56.6 –60:06:08 Pos 23 2005 Jun 26 2014 Feb 22 8.9
HH 1170 10:46:36.0 –60:07:12 Pos 22 2006 Mar 16 2015 Mar 11 9.0
HH 1171 10:45:07.8 –60:03:23 Pos 26 2006 Mar 2 2015 Mar 12 9.0
HH 1172 10:44:00.6 –59:54:27 HH 666 2005 Mar 30 2014 Feb 21 8.9
HH 1173 10:43:54.6 –59:32:46 Tr 14 2005 Jul 17 2015 Jan 16 9.5
see also ∗ Reiter & Smith (2014), † Reiter et al. (2015b), ? Reiter et al. (2015a)
in Carina, so we assume that all jets are at the distance of
η Carinae (2300± 50 pc, Smith 2006b).
Aligning nebular features is less precise than aligning
point sources, particularly where the contrast between the
irradiated pillar edges and the bright nebular emission of the
H ii region is poor. Allowing for a typical alignment uncer-
tainty of ∼ 0.2 pix adds an additional ∼ 11− 14 km s−1 un-
certainty in the measured transverse velocity. We therefore
only consider features faster than 15 km s−1 in the following
analysis.
We measure proper motions of jet knots using the mod-
ified cross-correlation technique developed by Currie et al.
(1996); Hartigan et al. (2001); Morse et al. (2001). For each
jet, we identify knots that do not change significantly in
brightness and morphology between epochs. After subtract-
ing a median-filtered image (with a 25 pix kernel) to suppress
background emission, we extract the jet knot in a small box
optimized for that feature (box sizes used for each knot are
shown in Figures 2-25). We generate an array with the total
of the square of the difference between the two images for
small shifts (0.1 pixel) of this box relative to the second-
epoch image. The minimum of this array corresponds to the
offset that best matches the two images. We repeat this pro-
cedure for a variety of box sizes to estimate the uncertainty
in the measured pixel offset. The typical uncertainty is a few
km s−1, although this varies with the brightness of the fea-
ture and the complexity of the background emission. Proper
motions and their associated uncertainties are listed in Ta-
ble 3. Previous applications of our implementation of this
technique to measure proper motions are presented in Re-
iter & Smith (2014); Reiter et al. (2015b,a); Kiminki et al.
(2016).
3 RESULTS
We present proper motion measurements of 37 jets driven by
intermediate-mass young stars in the Carina Nebula. With
a ∼ 10 yr baseline between images, we are sensitive to knot
MNRAS 000, 1–29 (2017)
Proper motions of jets in Carina 5
D
A
E
M
O
N
Ia Ib
C
U
S
HH 666
200 km s-1
50"
Figure 2. Hα image of HH 666 showing the full extent of the jet. In this paper, we present proper motion measurements of the large
knots identified by Smith et al. (2004, 2010). Boxes indicate the features used to measure proper motions and the arrows mark the
direction and magnitude of the transverse velocity. Feature velocities are listed in Table 3. The white star indicates the location of the
IR-bright driving source.
velocities faster than ∼ 15 km s−1, assuming that everything
is at the distance of η Carinae (measured to be 2300±50 pc
by Smith 2006b). All but one of the jets identified by Smith
et al. (2010) have at least one knot with a transverse ve-
locity & 50 km s−1. Each of the 15 candidate jets identi-
fied in Smith et al. (2010) also have transverse velocities
& 50 km s−1 allowing us to confirm them as bonafide jets.
Kinematics validate the seven candidate jets that we con-
firmed previously based on the morphology of their near-IR
[Fe ii] emission (see Reiter & Smith 2013; Reiter et al. 2016);
this is the first confirmation of the remaining eight candidate
jets. Proper motion measurements for all 37 jets are listed
in Table 3, including first results from this survey that have
already been published (Reiter et al. 2015a,b, 2017).
Proper motions reveal the velocity structure in the jet,
and in some cases also provide kinematic confirmation of
the jet-driving source. Many of these sources were identi-
fied as candidate protostars in the Pan-Carina YSO Catalog
(PCYC, Povich et al. 2011), allowing us to compare to the
stellar parameters obtained from model fits to the IR Spec-
tral Energy Distribution (SED). In the following, we briefly
summarize proper motion results for each jet.
3.1 New ACS proper motions
HH 666 – extended features: Reiter et al. (2015b) presented
detailed proper motions of the innermost part of HH 666. We
include the proper motions of the small knots that comprise
HH 666 M and O in Table 3. In this paper, we add the
proper motions of the other knots identified by Smith et al.
(2004, 2010) and first measured by Reiter & Smith (2014)
(see Figure 2).
We measure transverse velocities in features A,E,N,I,C
that are slower than those reported in Reiter & Smith
(2014), but within the uncertainties. Some discrepancy in
the velocities measured in the two studies may be ex-
pected given that Reiter & Smith (2014) match images taken
A
60
5" 200 km s-1
B
37
C
68 D
97
E
97
F
89
G
104
H
51 I
61
1" 15 km s-1
PCYC 838
4.3
PCYC 842
15.4
Figure 3. Same as Figure 2 for HH 900. These Hα proper motions
were originally presented in Reiter et al. (2015a).
from two different instruments with two different distortions
which will increase the systematic uncertainty in the proper
motions.
New HST/ACS images include features that fell out-
side the HST/WFC3-UVIS image used by Reiter & Smith
(2014). This allows us to measure the proper motions of fea-
tures D,U,S for the first time. Smith et al. (2010) proposed
that C,U,S might trace a fragmented bow shock and indeed
proper motion vectors of both C and U point toward S. Both
D and S are the most distant knots of their respective sides
of HH 666 and trace the slowest velocities measured in that
limb of the jet.
HH 900: Reiter et al. (2015a) presented the proper mo-
tion of HH 900 using HST/ACS images from this program
(see also Figure 3). We include transverse and radial veloc-
ities reported in that paper in Table 3 and the analysis in
Section 4.
HH 901: HH 901 is located in the Tr14 image mosaic,
and therefore is subject to an additional uncertainty in the
proper motions due to imperfect distortion correction to
match the first epoch image to the rotated second epoch.
MNRAS 000, 1–29 (2017)
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Figure 4. Same as Figure 2 showing the cloud complex that contains HH 901, 902, and 1066. We measure proper motions in the same
Hα knots as Reiter & Smith (2014).
Despite this complication, the proper motions we measure
in HH 901 agree with those obtained by Reiter & Smith
(2014) within the uncertainties (see Figure 4 and Table 3).
HH 902: HH 902 lies to the northwest of HH 901, in
the same cloud complex that is irradiated by Tr14 (see Fig-
ure 4). As in HH 901, transverse velocities are within the
uncertainty of the velocities presented in Reiter & Smith
(2014). Knot velocities do not monotonically decrease with
increasing distance from the driving source, as seen in some
other jets (e.g., HH 666).
HH 903: Proper motions of the jet knots in HH 903
trace the bipolar outflow moving in opposite directions away
from the driving source that is deeply embedded in the west-
ern edge of the parent dust pillar. Reiter et al. (2016) report
the detection of a [Fe ii] jet that threads the more diffuse
Hα emission in HH 903. In the inner jet, the two emission
lines appear to trace the same knots. Features I,J,JJ,KK
trace the inner jet (see Figure 5) where [Fe ii] emission is
also bright and continuous. On the opposite side of the dust
pillar, features F,G,H trace the Hα counterparts to features
that Reiter et al. (2016) identified in [Fe ii]. Together, the
knots seen in [Fe ii] trace an S-shaped flow (the WFC3-IR
images cover the portion of the jet from feature F in the
east to M in the west). Proper motion vectors reflect this
“S” shape with the knots in the inner jet (I,J,JJ,KK) point-
MNRAS 000, 1–29 (2017)
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20"
Figure 5. Same as Figure 2 for HH 903 (the larger jet that emerges perpendicular to the pillar) and HH 1169 (near the pillar head,
HH c-10 in Smith et al. 2010).
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HH 1005
200 km s-1
10"
Figure 6. Same as Figure 2 for HH 1004 (top of the pillar) and HH 1005 (middle of the pillar). HH 1004 shows clear bipolar, outwardly
directed gas motions. None of the Hα features associated with the eastern side of HH 1005 show transverse motion in the plane of the
sky.
ing slightly northwest while the knots on the opposite side
(F,G,H) point to the southeast.
More distant features in both limbs of the jet point
southwest and southeast, giving the impression that the en-
tire outflow bends away from the head of the pillar. Wispy,
tenuous Hα features are offset ∼ 5′′ above the [Fe ii] jet axis.
Reiter et al. (2016) note the two-component jet-outflow mor-
phology, similar to other jets (e.g., HH 666, HH 900) where
Hα traces the wider angle, slower outflow. In light of this,
it is possible that Hα emission only traces the upper half of
the outflow lobe closer to the source of ionizing radiation.
HH 1004: Hα knots in HH 1004 trace the movement of
the two jet limbs away from the candidate YSO identified by
Reiter et al. (2016). We measure faster proper motions in jet
knots in the eastern limb (features B,C) and slower motions
where the jet crosses the pillar ionization front (E,F,G,H;
see Figure 6). In the opposite limb, features K,L,M,N,O,
trace the western bow shock. Two knots, P,R, lie beyond
this bow shock and also move toward the west, away from
the HH 1004 driving source, but with motions that seem to
expand away from the jet axis. Knot U lies ∼ 30′′ beyond the
western bow shock of HH 1004, near the edge of Figure 6.
Smith et al. (2010) identify this feature as part of HH 1005,
which emerges from the same pillar as HH 1004, albeit ∼ 15′′
further south (we describe this jet in the next section). Knot
U lies along the HH 1004 jet axis and moves away from the
putative driving source. This raises the possibility that knot
U is part of HH 1004, although proper motions that deviate
from a single smooth stream are seen in many of the jets in
Carina.
HH 1005: HH 1005 lies just below HH 1004, bisecting
the same dust pillar ∼ 15′′ further south. Few of the Hα
MNRAS 000, 1–29 (2017)
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E
F
HH 1006
200 km s-1
5"
Figure 7. Same as Figure 2 for HH 1006. Fast jet velocities and
a high mass-loss rate make HH 1006 one of the stronger jets in
Carina.
features associated with the jet show measurable motion.
The Hα limb that extends off the eastern edge of the pillar
that Smith et al. (2010) identify as HH 1005 has a transverse
velocity . 15 km s−1 (feature HH 1005 Y, see Figure 6
and Table 3). Reiter et al. (2016) identified an [Fe ii]-bright
portion of the jet offset ∼ 1′′ below this Hα feature. Such
a morphology is reminiscent of two-component outflows like
HH 666, where [Fe ii] also traces markedly higher velocities
than Hα.
Above the slow-moving feature Y, just east of the pillar
edge lies knot A. It has a jet-like velocity of ∼ 115 km s−1
and moves away from the pillar. Knot A is the solitary mov-
ing feature to the east of the pillar, so it is unclear if it is
part of a coherent jet. Furthermore, no driving source can be
unambiguously identified for HH 1005 (Ohlendorf et al. 2012
suggest a source, but no jet emission can be seen emerging
from the protostar, so we regard this as a candidate, see
Reiter et al. 2016). We therefore cannot establish whether
knot A and other features in HH 1005 are consistent with a
common origin.
A few knots in the western limb of HH 1005 move away
from the pillar (features S,T,U,V,Q,W,X). Like features P
and R in HH 1004 (see above), features Q and W point away
from the HH 1005 jet axis delineated by smooth Hα and
[Fe ii] emission. Features S,T,U,W all point to the southwest
and may plausibly be associated with HH 1004. Near the
edge of the image, feature V appears to trace the apex of
the jet.
HH 1006: The highly collimated bipolar outflow,
A
B
C
DE
HH 1007
HH 1015
200 km s-1
5"
Figure 8. Same as Figure 2 for HH 1007 and HH 1015. Proper
motions suggest a common origin in the western pillar, and appear
to trace the two bipolar limbs of a single jet.
HH 1006, emerges from a small globule in the south pil-
lars. Fast knots at the leading edge of both limbs of the
inner jet point toward more distant bow shocks. The north-
ern bow shock falls outside of the Hα image area, but is seen
in [Fe ii] (Reiter et al. 2016). Features D,E,F trace what ap-
pears to be the wing and tip of the southern bow shock (see
Figure 7). With an average transverse velocity of ∼ 150 km
s−1, HH 1006 is one of the fastest jets in the sample. Knots
in the southern bow shock are slower (with an average veloc-
ity of ∼ 60 km s−1), and all point slightly away from the jet
axis defined by the inner jet. Like other jets in this sample
(e.g., HH 666, HH 903), the three knots of the bow shock
appear to trace one part of the shock wing. Archival adap-
tive optics images at Ks presented by Sahai et al. (2012)
show an hourglass-shaped nebulosity at the position of the
driving source that suggests that the jet lies near the plane
of the sky.
HH 1007 and HH 1015: Reiter et al. (2016) noted the
absence of [Fe ii] emission along the Hα feature that Smith
et al. (2010) identify as HH 1007. However, HH 1007 and
HH 1015 lie along the same jet axis, leading Reiter et al.
(2016) to suggest that these two features may actually rep-
resent the two limbs of the same jet. Indeed, Hα proper
motions from HH 1007 and HH 1015 suggest a common ori-
gin inside the western pillar (see Figure 8). The linear Hα
emission that extends off the eastern pillar (in the saddle
between the two pillars) does not appear to move during
the 9.5 yrs between epochs.
We can, however, measure the proper motions of a few
Hα knots that lie just beneath the smooth, apparently sta-
tionary Hα limb. HH 1007 C points toward the pillar and
HH 1015 driving source. Features A and B more clearly lie
along the same jet axis as HH 1015 and move away from the
putative driving source identified by Reiter et al. (2016).
HH 1015 emerges from the apex of the western pillar.
We measure the proper motion of two knots that move along
the jet axis away from the driving source embedded in the
MNRAS 000, 1–29 (2017)
Proper motions of jets in Carina 9
A
BCF
HH 1166
HH 1008
200 km s-1
10"
Figure 9. Same as Figure 2 for HH 1008 and HH 1166. Proper
motions of knot A show it moving away from the pillar head (and
the protostar embedded within it), demonstrating that HH 1166
is, in fact, a jet. Knots in HH 1008 propagate parallel to the pillar
major axis.
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Figure 10. Same as Figure 2 for HH 1009. Several knots com-
prise HH 1009, all moving away from the nearby dust pillar. The
feature lies ∼ 90′′ southwest of HH 1008, but their kinematics
demonstrate that the two features are unrelated.
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Figure 11. Same as Figure 2 for HH 1010. The bipolar jet
HH 1010 emerges from a pillar head and propagates away, along
an axis nearly perpendicular to the pillar major axis. Proper mo-
tions confirm the [Fe ii] shock feature identified by Reiter et al.
(2016), but rule out HH 1010 A as being associated with the jet.
tip of the pillar, in the opposite direction of knots A and B
in HH 1007.
HH 1008: HH 1008 is a bow shock located ∼ 25′′ east
of a narrow dust pillar (G287.73-0.92). Smith et al. (2010)
speculated that HH 1008 may be part of the same outflow as
candidate jet HH c-2 (now HH 1166, see below) that emerges
from the tip of the nearby dust pillar (see Figure 9). Hα
proper motions point parallel to the major axis of the pillar
and may trace the HH 1166 counterjet if the outflow is bent
by the large-scale flow of plasma in the H ii region, (see, e.g.,
Bally et al. 2006).
HH 1009: Like HH 1008, HH 1009 is a series of knots
tracing a bow shock (see Figure 10). HH 1009 lies ∼ 1.5′
southwest of HH 1008, near the edge of the same dust pil-
lar (G287.73-0.92). Unlike HH 1008, proper motions point
southeast, away from the pillar. No clear jet body indicates
the origin of HH 1009, but knot kinematics point back to
PCYC 599, a class 0/I (2.2± 1.6 M, log(Lbol) = 1.9± 1.3
L protostar embedded in the pillar ∼ 25′′ northwest of the
knots.
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Figure 12. Same as Figure 2 for HH 1011. Smith et al. (2010)
identify HH 1011 as a small microjet that extends off of a small
globule in Tr 15. However, any transverse motion is below our
sensitivity.
HH 1010: Proper motions show knots in the bipolar
jet HH 1010 moving away from the driving source embed-
ded in the pillar head (see Figure 11). Additional knots in
the southwest limb, features L,M,N,O move in the same di-
rection as the inner jet, confirming that the [Fe ii] knots
identified by Reiter et al. (2016) are part of the jet. Smith
et al. (2010) identified a feature, HH 1010 A, that appears
to cap the southwest limb of the jet. However, HH 1010 A
does not lie along the same axis as other jet knots, nor does
it appear to move, making it unlikely that this feature is
part of HH 1010.
HH 1010 emerges from one of the pillars observed
with the MUSE Integral Field Unity (IFU) spectrograph by
McLeod et al. (2016). Radial velocities extracted from those
observations confirm that the northern limb is blueshifted
(vrad ≈ −2 km s−1) and the southern limb is redshifted
(vrad ≈ 6 km s−1), respectively.
HH 1011: Smith et al. (2010) identify bright Hα emis-
sion extending off a small globule in Tr15 as the one-sided
jet HH 1011. The proper motion of the Hα knot at the end
of the putative jet is . 15, slower than most jet-like features
in this sample (see Figure 12).
HH 1012: HH 1012 appears to be a classic LL-Ori-type
object, similar to many such curved flows seen in Orion (e.g.,
Bally & Reipurth 2001; Bally et al. 2006). Both the jet knots
and the shrouding Hα bow shock bend away from Tr14.
Jet knots follow this curved path as they propagate away
from the unobscured star just inside the apex of the Hα
bow (see Figure 13). Knot velocities from features B,C,D
are fast (∼ 100 km s−1), similar to other jet-like objects in
this sample (e.g., HH 1006).
HH 1013: Jet knots in HH 1013 move in opposite di-
rections away from the driving source. To the northeast,
multiple knots trace a straight jet axis that makes a 23◦
angle with the major axis of the nearby dust pillar (see Fig-
ure 14). HH 1013 is no longer embedded in a dust pillar, but
a loop of Hα emission surround the protostar, similar to the
wide-angle Hα that traces an outflow cavity around source
still embedded in a dust pillar (e.g., HH 666 and HH 1164).
Hα emission at the apex of this feature has a transverse ve-
locity . 15 km s−1, slower than the apices of the Hα loops
in HH 666 and HH 1164.
To the southwest, a microjet extends off the HH 1013
A
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HH 1012
200 km s-1 2"
Figure 13. Same as Figure 2 for HH 1012. The LL Ori-like object
HH 1012 flows away from the optically-visibly protostar (denoted
with a white arrow). Jet knots move away from the protostar in a
curved path, following the curvature of the diffuse arc of emission
to the southwest.
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Figure 14. Same as Figure 2 for HH 1013. HH 1013 emerges
from the tip of a narrow pillar. The driving source (denoted with
a white arrow) is enshrouded in Hα emission. Unlike the many
jets that are aligned nearly perpendicular to the major axis of the
pillar, the axis of HH 1013 is tilted ∼ 20◦ compared to the major
axis of the pillar.
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Figure 15. Same as Figure 2 for HH 1014. Outward-directed velocities show the motion of HH 1014 away from the pillar tip. Further
south in the same image are several knots tracing one of the bow shocks associated with HH 1156. The jet body remains invisible in Hα
and thus far have only been detected in near-IR [Fe ii].
driving source itself. Features I and J, ∼ 15′′ further south-
west, trace the feature Smith et al. (2010) identify as SW1.
Together with HH 1013 K (SW2, located ∼ 1′ southwest
of SW1), these knots trace a jet axis that is aligned with
the northeastern limb. Smith et al. (2010) identify two ad-
ditional knots, HH 1013 SW3 and SW4, however, both of
these fall outside the frame of the second-epoch image.
HH 1014: Hα proper motions in HH 1014 trace jet knots
propagating away from the driving source located just inside
the tip of the pillar (see Figure 15). The jet axis is nearly par-
allel to the major axis of the pillar, so the counterjet, if any,
will be embedded in the dust pillar. Reiter et al. (2016) iden-
tified a few knots inside the pillar in near-IR [Fe ii] images
that appear to lie along the HH 1014 jet axis. These [Fe ii]
knots can also be identified in Hα images (features I,J,P),
allowing us to measure their proper motions. All three knots
move perpendicular to the HH 1014 jet axis. In fact, proper
motions fall along the jet axis of nearby HH 1156 which
emerges from an unobscured protostar located ∼ 15′′ south
of the HH 1014 pillar. Hα proper motions of HH 1156 are
described in the next section.
HH 1016: HH 1016 is a bow-shock-like feature that
moves away from its natal pillar with a transverse velocity
> 100 km s−1 (see Figure 16). An additional knot located
behind the shock, closer to the pillar (features A,C) prop-
agate in the same direction as the shock feature and may
trace the extended shock wing. Proper motions of the jet
point back to the same dust pillar that houses the embed-
ded Treasure Chest cluster, although no single protostar has
been identified as the HH 1016 driving source.
HH 1017: Unlike many jets in Carina that emerge from
protostars embedded in dust pillars, both the jet and the
driving source of HH 1017 are unobscured in the H ii region.
HH 1017 is one of the few jets in Carina with a morphology
similar to the HH jets seen in Orion (e.g., HH 502, Bally &
Reipurth 2001). We measure the proper motions of several
discrete jet knots that move away from the protostar seen at
the center of Figure 17. Like HH 1012, transverse velocities
are fast and jet-like (& 80 km s−1) and the motion of the
knots follows the curved jet morphology seen in single-epoch
images.
HH 1018: Like HH 1017, HH 1018 is unobscured in the
H ii region (see Figure 18). Knots A and B move along the jet
axis defined by the microjet. We measure a faster transverse
velocity in knot A (∼ 90 km s−1) at the apex of the microjet
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Figure 16. Same as Figure 2 for HH 1016. HH 1016 emerges
from the same pillar that contains the Treasure Chest cluster.
NE2
NE1
jet
SW1
SW2
SW3
HH 1017
200 km s-1
2"
Figure 17. Same as Figure 2 for HH 1017. Like HH 1012, knots
in HH 1017 move away from the driving protostar (denoted with
a white arrow) along the arc of the curved jet. HH 1017 is located
near Tr14, and the arc of the jet bends away from the cluster.
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200 km s-1 2"
Figure 18. Same as Figure 2 for HH 1018.
A
B
C
D
E
FHH 1019
200 km s-1
5"
Figure 19. Same as Figure 2 for HH 1019. Figure and proper
motions of HH 1019 first reported in Reiter et al. (2017).
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Figure 20. Same as Figure 2 for HH 1159-1164, 1167. The seahorse-shaped globule (located in the South Pillars) houses at least 4
independent outflows. Boxes around each HH jet / object show the region zoomed in to show the small boxes used to measure proper
motions. White arrows / stars indicate the location of the driving sources.
and a slower velocity from the more distant knot B, as seen
in some other HH jets (e.g., Devine et al. 1997).
HH 1019: Smith et al. (2010) did not include HH 1019
among the jets and candidate jet identified in the original Hα
survey of Carina. However, several jet knots can be seen in
silhouette against the bright background of the H ii region.
Reiter et al. (2017) report the proper motions of the silhou-
ette knots (see Figure 19). Transverse velocities of ∼ 100 km
s−1 on either side of the pillar trace fast, jet-like motions.
HH 1066: HH 1066 (HH c-1 in Smith et al. 2010) re-
sides in the same cloud complex as HH 901 and HH 902
(see Figure 4). Transverse velocities presented here agree
well with those in Reiter & Smith (2014). With the second
epoch HST/ACS images, we measure the proper motion of
an additional knot, HH 1066 Wa, in the western limb of
the jet. Like HH 666 U, this small feature appears to be an
off-axis portion of the bow shock (in this case, HH 1066 W).
HH 1156: Reiter et al. (2016) identify the collimated
body of the HH 1156 jet in near-IR [Fe ii] images. While
there is no Hα emission from the inner jet, the southwestern
bow shock (HH c-14 in Smith et al. 2010) does have Hα
emission that allows us to measure its motion away from
HH 1156 driving source (see Figure 15). To the northeast,
features I,J,P lie nearly equidistant (∼ 20′′) from the driving
source and appear to trace the complementary bow shock.
If these features do trace the apices of the bipolar jet, then
the total length of HH 1156 is & 40′′, or nearly ∼ 0.5 pc.
HH 1159 – HH 1164: HH 1159 (HH c-4 in Smith et al.
2010) is one of six HH objects associated with a large,
seahorse-shaped globule in the South Pillars (see Figure 20).
A small cluster of Hα knots compose HH 1159, creating a
C-shaped arc that lies to the west of the globule. Hα proper
motion show the entire complex of knots moving to the south
(see Figure 20). No other features seen in the complex follow
this direction of motion, suggesting that HH 1159 does not
originate from a source inside the globule.
HH 1160 (HH c-5 in Smith et al. 2010) emerges from the
apex of the seahorse-shaped globule. Tenuous Hα emission
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hints at a coherent flow while strong [Fe ii] emission clearly
demonstrates that HH 1160 is a collimated bipolar jet (see
Figure 20 and Reiter et al. 2016). Three Hα knots trace the
northwestern limb of the jet, with transverse proper motions
∼ 65− 130 km s−1.
Near-IR [Fe ii] reveals the HH 1160 counterjet inside
the pillar where Hα no longer traces the jet. The arc of Hα
emission identified as feature D (see Figure 20) is confused
with nebulous emission in the region and is not obviously
part of the jet. However, it is located at the southeastern
tip of the counterjet seen in [Fe ii] and appears to trace the
terminal shock. Proper motions show that feature D moves
in the opposite direction of features A,B,C, away from the
driving source identified by Reiter et al. (2016).
Smith et al. (2010) identify two streams of Hα emission
extending off a protrusion from the globule (the belly of the
seahorse) that Reiter et al. (2016) confirm to be a bipolar
jet with [Fe ii] images. Hα knots in the north and south
limbs of HH 1161 (HH c-6 in Smith et al. 2010) move in
opposite directions with transverse velocities of ∼ 100 km
s−1 pointed away from the presumed location of the driving
source (see Figure 20).
Like HH 1159, HH 1162 (HH c-7 in Smith et al. 2010)
lies outside the seahorse globule and is composed of a series
of knots. Together, these features trace the arc of a shock
that moves to the south (see Figure 20). HH 1162 resides on
the opposite side of the seahorse from HH 1159, but both
features move to the south, and are therefore likely driven
by different protostars.
HH 1163 emerges from an unobscured protostar located
just south of the seahorse globule. Fan-like Hα emission en-
compasses a collimated [Fe ii] jet (Reiter et al. 2016, this
feature was identified as HH c-8 by Smith et al. 2010). The
[Fe ii] jet traces the top of the fan, where Hα emission is also
brightest. An Hα knot on the top of the fan coincides with
the tip of the [Fe ii] jet and traces a transverse velocity of
∼ 60 km s−1 away from the driving source (see Figure 20).
Reiter et al. (2016) identified a new jet located in the
middle of the seahorse-shaped globule where a bright, col-
limated [Fe ii] jet threads through a loop of Hα emission.
In HH 1164, as in HH 666 O and HH 900, [Fe ii] and Hα
trace two different morphologies and presumably two differ-
ent outflow components. The [Fe ii] jet converges with the
Hα emission on the far side of the “loop” allowing us to mea-
sure the transverse velocity of the jet. Two Hα knots located
opposite the driving source (see Figure 20) with transverse
velocities of ∼ 50 km s−1 trace the eastern limb of this ap-
parently one-sided jet.
HH 1166 (previously HH c-2): Smith et al. (2010) iden-
tify candidate jet HH c-2 emerging from the apex of a large,
twisted dust pillar in the South Pillars. Knot A in Figure 9
propagates into the H ii region with proper motions tracing
a direct line back to a protostar embedded in the head of
the pillar (PCYC 666 from Povich et al. 2011, see Table 2).
This confirms that HH c-2 is, in fact, a jet. It has therefore
been assigned an HH number of HH 1166.
HH 1008 lies near the same pillar, ∼ 105′′ south of the
pillar head. It is possible to draw a line connecting knot A
from HH 1166 to the knots in HH 1008, and indeed Smith
et al. (2010) speculated that HH 1166 is the HH 1008 coun-
terjet. This may be the case, especially if the jet is bent by
A
HH 1168
100 km s-1
2"
Figure 21. Same as Figure 2 for HH c-9. HH c-9 lies near the
edge of the frame, and as such, its driving source and point of
origin remain unknown.
winds from Tr16 (see discussion of jet bending in, e.g., Bally
et al. 2006).
HH 1167 (previously HH c-3): Smith et al. (2010) iden-
tify three extensions off of a small pillar head in the South
Pillars as candidate jet HH c-3. This object lies near the
seahorse-shaped globule that contains HH 1159-1164 (see
the lower right of Figure 20). Reiter et al. (2016) note [Fe ii]
emission in HH c-3 A that may extend from the candidate
protostar located at the pillar tip. While the nature of HH c-
3 is ambiguous in images alone, the outward motion of Hα
emission from knot A indicates its jet-like nature. This kine-
matic evidence demonstrates that HH c-3 is, in fact, a jet
and has been assigned an HH number of HH 1167.
HH 1168 (previously HH c-9): Candidate jet feature
HH c-9 is a smooth, curved bow shock located near the edge
of an image frame in the large Tr14 image mosaic. Second-
epoch Hα images allow us to trace the transverse velocity of
∼ 40 km s−1 in this bow shock as it propagates to the west
(see Figure 21). This fast velocity argues for an origin from
a jet and protostar located outside the imaged area. Based
on this, HH c-9 in now assigned the HH number HH 1168.
HH 1169 (previously HH c-10): Smith et al. (2010) iden-
tified candidate jet HH c-10 based on bow-shock-like Hα
emission that suggests a jet that emerges from the head
of the same dust pillar that houses HH 903 (see Figure 5).
Proper motions show that the bow shock moves to the south-
west of the pillar head, implying an outflow axis that is
nearly perpendicular to the axis of HH 903. No clear jet
body traces HH c-10 in Hα images, although there is some
tentative evidence in [Fe ii] (see Reiter et al. 2016). Never-
theless, the bow shock has a transverse velocity of > 50 km
s−1 along an axis that implies an origin in the dust pillar.
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Figure 22. Same as Figure 2 for HH 1170. Like HH 1168,
HH 1170 looks like a jet bow shock, but does not have an ob-
vious driving source or point of origin.
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Figure 23. Same as Figure 2 for HH 1171. HH 1171 lies near
the HH 1159-1164 complex of outflows (see Figure 20). Multiple
knots trace a coherent feature, but their proper motions do not
clearly identify the driving source.
Given this evidence for jet-like motions, HH c-10 has been
assigned an HH number of HH 1169.
HH 1170 (previously HH c-11): HH 1170 (candidate jet
HH c-11 in Smith et al. 2010) has a bow-shock-shaped mor-
phology, but is not associated with a nearby collimated jet,
much like HH 1168. Proper motions confirm that HH 1170
moves to the west (the direction suggested by its morphol-
ogy, see Figure 22) with a transverse velocity ∼ 50 km s−1.
Based on the high velocity of this bow shock, we confirm it
as a bonafide HH object.
HH 1171 (previously HH c-12): Multiple knots make up
the orphan shock structure that Smith et al. (2010) identify
as candidate jet HH c-12 (see Figure 23). Like HH 1008
and HH 1009, there is no associated collimated jet and no
obvious jet source. Nevertheless, the arc of knots is moving
with transverse velocities & 50 km s−1. Given the likely
origin from a young star, HH c-12 has been assigned an HH
number of HH 1171. Proper motions point back toward the
seahorse-shaped globule that contains HH 1159-1164, but do
not align with any of the jet axes in the region.
HH 1172 (previously HH c-13): Smith et al. (2010) iden-
tify a candidate microjet HH c-13 extending off a star lo-
cated to the northeast of HH 666. Model-fits to the IR SED
of the point source (from the PCYC Povich et al. 2011) sup-
port the inference that it is a young stellar object. Proper
motions show a jet-like stream of Hα emission moving away
from the star with a transverse velocity & 100 km s−1 (see
Figure 24). Given the clear protostar-jet morphology, and
kinematic confirmation of the jet with proper motions, this
object has been assigned an HH number of HH 1172.
HH 1173 (previously HH c-15): Smith et al. (2010) iden-
A
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Figure 24. Same as Figure 2 for the microjet HH 1172 that
emerges from a star located to the northeast of HH 666.
AB
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Figure 25. Same as Figure 2 for HH 1173. Two knots trace the
microjet HH 1173 in the core of Tr14. Proper motions suggest
an origin from the nearby object 104554.91-593245 (marked with
a white arrow) that Smith et al. (2010) identify as a possible
proplyd.
tify two knots of Hα emission amid the harsh UV environ-
ment of Tr14 as candidate jet HH c-15. These knots lie imme-
diately east of a candidate protostar identified in the PCYC
(Povich et al. 2011). However, proper motions indicate that
the jet knots move toward the candidate protostar, ruling
it out as the driving source (see Figure 25). Proper motions
are more consistent with an origin from the star immediately
east of the knots (104354.91-593245 in Figure 25). An arc
of Hα emission traces a limb-brightened shell, wind shock,
or proplyd envelope leading Smith et al. (2010) to identify
104354.91-593245 as a possible proplyd, although this star
is not classified as a YSO in the PCYC. Proper motions
favor this object as the jet-driving source and rule out the
PCYC-identified protostar to the west. Given the fast trans-
verse velocities and association with a young star, HH c-15
has been assigned an HH number of HH 1173.
3.2 Jet driving sources
Half of the jets presented in this paper can be matched to
their driving source (20/37; see Table 2). This includes the
11 jet-driving sources that Reiter & Smith (2013) and Re-
iter et al. (2016) identified from the morphology of near-
IR [Fe ii] emission. An additional eight jet-driving sources
can be identified in Hα images where the jet extends from
an unobscured star. Most of the jet-driving sources (18/20)
were included in the PCYC (Povich et al. 2011). For those
MNRAS 000, 1–29 (2017)
16 Reiter et al.
0 50 100 150 200
vtransverse [km s-1]
0
20
40
60
80
fre
qu
en
cy
all
IR YSO
vis YSO
no YSO
0 50 100 150 200 250
vtransverse [km s-1]
0.0
0.2
0.4
0.6
0.8
1.0
fra
ct
io
n
all
IR YSO
vis YSO
no YSO
Figure 26. Left: Histogram of all proper motions measured in the 37 jets with two epochs of HST/ACS images (black line). The
distribution of knot velocities measured in jets driven by embedded protostars (red dash-dot line), unobscured stars (blue dashed line),
and sources without a candidate driving source identified (gray dotted line) are overplotted. Right: Cumulative distribution function
comparing jet velocities measured from embedded, unobscured, and not-detected driving sources.
sources, we list the stellar properties derived from model
fits to the IR SED in Table 2. Ohlendorf et al. (2012) also
identified the jet-driving sources for many of these HH jets.
Reiter et al. (2016) found that for sources present in both
catalogs, the derived YSO properties agree to within a few
percent.
The HH 903 and HH 1173 jet-driving sources are not
included in the PCYC. Ohlendorf et al. (2012) identified an
embedded source at the base of HH 903 jet; we include their
best-fit stellar parameters for this source in Table 2. The
two knots of HH 1173 lie next to an candidate YSO, but
move toward the IR-excess source (identified as the driving
source by Ohlendorf et al. 2012). Kinematics suggest that
the jet originated from another nearby star that Smith et al.
(2010) identify as a proplyd. Neither Povich et al. (2011) nor
Ohlendorf et al. (2012) identify this source as a YSO based
on the shape of its IR SED.
For the remaining 18 driving sources that are included
in the PCYC, we find an average mass of ∼ 3 M. Most
sources are classified as Stage 0/I (8/18), Stage II (4/18)
with the remaining sources (6/18) given an ambiguous evo-
lutionary classification based on the available IR photome-
try.
3.3 Estimated dynamical ages
We compute dynamical ages assuming that each jet feature
has been traveling at the measured transverse velocity since
launch. Estimated dynamical ages are listed in Table 3. Jet
ages range from a few hundred to ∼ 105 yr, with a median
age of 2 × 104 yr. The longest jets have the oldest features
(e.g., HH 666 and 903, see Figures 2 and 5, respectively and
Table 3), as expected. Shocks have likely altered the velocity
structure of the jets. If the current jet velocity is slower than
the launch velocity, then the dynamical age of the jet will
be overestimated. Alternately, if younger jet knots are the
easiest to see, the estimated dynamical age may not be a
tight constraint on the total duration of outflow activity.
4 DISCUSSION
We present proper motions in 37 HH jets in the Carina Neb-
ula measured in two epochs of Hα images obtained with
HST/ACS. Most jets have at least one knot with a trans-
verse velocity & 50 km s−1 that traces fast, jet-like mo-
tions. A few streams of Hα emission identified as jets by
Smith et al. (2010) have transverse velocities . 15 km s−1
(HH 1005, HH 1007, and HH 1011), calling into question
whether they are associated with a jet. However, we do mea-
sure transverse velocities& 15 km s−1 in all 15 candidate jets
and each appears to trace a distinct outflow. With the eight
newly-confirmed jets reported here, in addition to previous
confirmations (see Reiter & Smith 2013; Reiter et al. 2016),
this brings the total number of known outflows in Carina to
at least 60 (including the 26 jets and outflows discovered by
Hartigan et al. 2015). Given the extended jet morphology
in images, we estimate that these sources lie nearly perpen-
dicular to the line of sight (a tilt angle < 45◦ away from
the plane of the sky). Transverse velocities in Table 3 are
therefore lower limits; the full 3D space velocities may be
faster by as much as a factor of
√
2.
HH 1011, a one-sided microjet that extends off of a
small globule in Tr15, is the only source in our sample that
does not have any features that clearly move between the
two epochs (transverse velocities < 15 km s−1). This upper
limit is slower than typical jet velocities and a factor of & 3
slower than the rest of the sample. Thus, the true nature of
this object remains unclear.
Figure 26 shows a histogram and cumulative distri-
bution function of all transverse velocities. Knot velocities
from jets driven by embedded protostars (red dash-dot line),
unobscured driving sources (blue dashed line), and those
where the protostar remains undetected (gray dotted line)
are substantially similar and statistically indistinguishable
(the maximum deviation between the distributions is less
than ∼ 0.1). Jets driven by embedded protostars may inter-
act with more material circumstellar material as they exit
their natal globules, so we might expect slower velocities
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than observed from jets driven by unobscured YSOs. How-
ever, the two histograms show no such difference. The plot-
ted distributions include all knots from a given source, both
the fastest knots in the inner jet and more distant, slower
features. We discuss the knot structure of these jets and
the transfer of momentum in detail in Sections 4.1 and 4.3,
respectively.
Position-velocity diagrams for jets with a well-localized
driving source (either detected, or constrained to be within
a small area based on jet proper motions) are shown in Fig-
ure 27. More distant knots have lower velocities in many of
the jets (e.g., HH 666, 900, 901, 1004, 1006, and 1010), sim-
ilar to the velocity structure seen in HH 34 (Devine et al.
1997). Less complete sampling of the outflow may obscure
a similar velocity structure in those jets where only a few
knots can be measured (e.g., HH 1014, 1066, and 1156).
Overall, the ensemble of these diagrams does not show a
net trend in knot velocities with distance from the driving
source, unlike that seen in some other HH jets (e.g., HH 34,
Devine et al. 1997, HH 666 in this sample, see also Smith
et al. 2004; Reiter & Smith 2014). Knots that do not, in gen-
eral, show lower speeds at larger distances from the driving
source indicate that the HH objects are much denser than
the environment they are passing through.
Knots that are slightly offset from the main jet axis (as
in e.g., HH 666 and HH 903) have slower velocities than
those along the main jet body. Reiter et al. (2015b,a) re-
ported examples of two-component outflows seen in Carina.
In both HH 666 and HH 900, [Fe ii] emission traces a fast,
collimated jet that is surrounded by a wider-angle Hα out-
flow. Similar sheaths of Hα emission encompass the [Fe ii]
jets in HH 903, 1004, and 1164 (see Reiter et al. 2016). Not
all jets driven by embedded protostars exhibit this same
two-component structure. Nevertheless, we see a difference
in the velocity of features detected on- and off-axis in sources
where we have detected only one outflow component. The
fastest Hα proper motions are those directly tracing the jet
(& 100 km s−1, e.g., HH 1006, 1012, 1017). Shock-like fea-
tures (e.g., HH 1008, HH 1009, and the southwest limb of
HH 1004) have lower velocities overall (∼ 50 km s−1).
4.1 Knot structure
Dynamical ages for all sources are less than 1 Myr, and
most are less than 105 yr (see Table 3 and Section 3.3).
The median outflow age is ∼ 104 yrs. This is only a few
percent of the Class 0 and Class I lifetimes estimated for
low-mass sources (0.16 Myr and 0.54 Myr, respectively;
Evans et al. 2009). However, both the source luminosities
and jet mass-loss rates suggest that the jet-driving sources
are intermediate-mass protostars (see Table 2), which will
evolve faster. For an intermediate-mass (M ∼ 2 − 8 M)
star, the Kelvin-Helmholtz time tKH = GM
2/LR ∼ M−2
will be 1-2 orders of magnitude shorter than in the low-mass
case. If the corresponding Class 0 and Class I lifetimes are
also 1-2 orders of magnitude shorter, then these jets trace
a significant fraction of the accretion history of the driving
source.
For jets in this sample with multiple well-separated
knots (e.g. HH 666, HH 1006, HH 1010, and HH 1017,
see Figures 2, 7, 11, and 17), we find knot separations of
∼ 5− 30′′. Assuming that all knots have been traveling at a
constant velocity since launch, inter-knot separations corre-
spond to ∼ 1000 yrs between ejection events. This is consis-
tent with the duty cycle between accretion/outflow bursts
inferred from knot spacing in jets from low-mass stars (e.g.
Hartigan et al. 1990; Reipurth et al. 1992; Bally & Devine
1994).
Reiter et al. (2015b) have also argued for episodic ac-
cretion and outflow based on smooth, steady velocities seen
in the inner jet of HH 666 and the morphology of the en-
trained outflow shell. Where the morphology of the contin-
uous inner jet is smooth (suggesting no strong shocks), we
use the length of the continuous inner jet to estimate the
duration of the current/recent accretion outburst that pow-
ers the jet (see Section 3.3 and Table 2). Inner jet lengths
range from ∼ 1 − 17′′, corresponding to bursts that have
been ongoing for ∼ 60− 1500 yrs. The median outburst du-
ration is ∼ 700 yr. Only the shortest jets are consistent with
the observed duration of FU Orionis outbursts (Hartmann
& Kenyon 1996). In order for the observed length of the
continuous inner jet to be consistent with the decay times
observed in FU Orionis-like outbursts (& 100 yr) jet veloci-
ties would have to be an order of magnitude higher than we
measure.
It is unclear how the typical decay time of an accre-
tion burst from an intermediate-mass star compares to an
FU Orionis outburst, as accretion outbursts have only been
detected in a few intermediate-mass sources (e.g., Hinkley
et al. 2013). Indeed, the length of the continuous inner jet
hints at long decay times that would be poorly constrained
with modern observations. Nevertheless, there is growing ev-
idence that episodic accretion may be a ubiquitous feature of
star formation affecting stars from low to high masses (e.g.,
Fujisawa et al. 2015; Stecklum et al. 2016; Hosokawa et al.
2016; Caratti O Garatti et al. 2016; Meyer et al. 2017).
4.2 Comparison to other jets
Many of the HH jets in Orion are observed to be one-sided,
with no clear counterjet (e.g., Reipurth et al. 1998; Bally
et al. 2000). A few jets in Carina are also apparently one-
sided (e.g., HH 1018, 1163, 1164, 1172, 1173) and all are
driven by a relatively unobscured protostar that can clearly
be seen in Hα images. Reipurth et al. (1998) suggest that un-
even illumination of the disk in the H ii region may explain
the asymmetry seen in more exposed microjets. In contrast,
most of the embedded jets in Carina are bipolar, although
in some cases the obscured counterjet can only be seen at
longer wavelengths (e.g., HH 1014, see Reiter et al. 2016).
Velocities in the two limbs of the bipolar jets (see Figure 27)
are not markedly asymmetric as has been observed in some
jets from low-mass stars (e.g., Hirth et al. 1994).
Figure 28 shows a comparison of the transverse veloci-
ties measured from jets in Carina with those in other regions.
The comparison sample of jets represents primarily famous
jets driven by low-mass protostars (e.g., HH 1-2, HH 7-11,
HH 47, HH 111, from Bally et al. 2002; Noriega-Crespo &
Garnavich 2001; Hartigan et al. 2005, 2001, respectively)
with a few sources in Orion (from Smith et al. 2005; Bally
et al. 2012), and an irradiated jet in the Trifid (HH 399,
Yusef-Zadeh et al. 2005). We present transverse velocities
that have not been corrected for the tilt angle away from
the plane of the sky. Transverse velocities in the Carina jets
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Figure 27. Position-velocity diagrams of jets with a well-localized driving source. Stars denote the YSO position identified in Hα and/or
IR images (filled stars) or inferred from knot proper motions (outlined stars).
overlap with those measured in other jets reported in the
literature (solid line histogram), but do not sample the high-
velocity tail of the distribution. Instead the distribution in
Carina peaks around a velocity ∼ 100 km s−1. We also plot
a histogram of proper motions measured in H2 by Zhang
et al. (2013) for comparison. These molecular jets presum-
ably trace more embedded sources, and indeed, the peak of
the H2 transverse velocities is a factor ∼ 2× slower than the
jets in Carina.
For a sample of HH jets from low-mass stars in an en-
vironment more similar to Carina, we look to Orion and the
Hα proper motions measured by O’Dell & Doi (2003). Knot
transverse velocities are a factor of 2 slower than the jets
in Carina, with a distribution similar to the H2 jets. Recent
work placing Orion at 388 pc (Kounkel et al. 2017) instead
of the 460 pc assumed by O’Dell & Doi (2003) will make the
discrepancy larger. Smith et al. (2010) find a similar offset
between Carina and Orion when comparing the jet mass-loss
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Figure 28. Normalised histograms comparing jet proper motions
measured in Carina (cross-hashed) with those in Orion (shown in
gray, from O’Dell & Doi 2003), H2 jets (dashed line, from Zhang
et al. 2013) and other HH objects (solid line, from Bally et al.
2002, 2012; Devine et al. 1997, 2009; Hartigan et al. 2001, 2005;
Hartigan & Morse 2007; Kajdicˇ et al. 2012; McGroarty et al. 2007;
Noriega-Crespo & Garnavich 2001; Reipurth et al. 2002; Smith
et al. 2005; Yusef-Zadeh et al. 2005).
rates. As argued in that paper, the more vigorous jets in
Carina likely reflect the higher mass of the driving sources.
Slower, lower-mass-loss rate jets are absent in the Carina
sample due to the decreased sensitivity to slow/fainter jets
at the larger distance.
Higher-mass driving sources may be invoked to explain
the faster velocities measured in the jets in Carina compared
to Orion. However, jets in both Orion and Carina tend to
be slower than the transverse velocities measured in a het-
erogeneous sample of local jets reported in the literature.
One obvious possibility is selection bias – that the biggest,
brightest, and fastest jets are the best studied. The large-
scale environment may also affect the jet velocity. The ma-
jority of jets in the comparison sample do not live in an H ii
region like Carina or Orion. de Gouveia dal Pino & Birkin-
shaw (1996) consider the propagation of jets into stratified
media and find that jets moving into increasing pressure will
slow down. Subsequent work looking at the overall velocity
structure of giant HH jets lead de Gouveia Dal Pino (2001)
to suggest that environmental interaction cannot be the pri-
mary mechanism to slow jets. It is unclear whether the lower
velocities measured in jets in H ii regions reflect higher pres-
sure in the environment and possibly more compression in
the molecular gas. Regardless, the offset is peculiar, given
that we do not find a significant difference in Carina be-
tween the transverse velocities of jets from stars embedded
in a cloud and those exposed in the H ii region.
4.3 Environmental interaction
Jets and outflows are an important source of feedback and
may help maintain cloud-scale turbulence in star-forming re-
gions (e.g., Plunkett et al. 2013, 2015). Momentum and en-
ergy from jets and outflows contributes more locally, helping
to reshape and clear the circumstellar envelope (e.g., Arce
& Sargent 2005; Jørgensen et al. 2007; Offner et al. 2011;
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Figure 29. Jet kinetic energy compared to the bolometric lumi-
nosity of the driving source. Embedded sources, shown in filled
symbols, tend to have higher kinetic energy than jets driven by
unobscured protostars (shown with open symbols).
Zhang et al. 2016). Outflow feedback may be particularly
important for high-mass star formation, as it clears a cavity
along the jet axis, thereby providing a pathway for the es-
cape of thermal radiation. Several authors have considered
the role that protostellar outflows may play in facilitating
non-spherical accretion (e.g., Krumholz et al. 2005; Cun-
ningham et al. 2011; Kuiper et al. 2015, 2016).
Combining kinematics presented in this work with
mass-loss rates from previous papers (Smith et al. 2010; Re-
iter et al. 2016) allows us to compute the jet kinetic en-
ergy and momentum. Dionatos & Gu¨del (2016) compared
the energy and momentum of atomic jets in NGC 1333 to
the energy and momentum of the molecular outflows associ-
ated with the same sources. They find that the atomic jets
have a small fraction of the momentum of the correspond-
ing outflows, but that the two components inject comparable
kinetic energy.
Many of the jets in Carina are composed of multiple dis-
tinct knots, reflecting previous ejection events. We compute
the kinetic energy of the inner jet where we have estimates
of both the mass-loss rate and velocity. This represents only
a fraction of the total energy injected by the jet over its
lifetime. Estimating the kinetic energy of previous bursts
is difficult as shock processing and photoevaporation in the
H ii region have likely reduced both the mass and velocity
of that ejecta.
To estimate the jet mass, we use the mass-loss rates de-
rived from the Hα emission measure by Smith et al. (2010).
This gives the mass of ionized gas in the jet, which Reiter &
Smith (2013); Reiter et al. (2016) show is a lower limit on
the true mass-loss rate of the jet. In addition, Reiter et al.
(2015b) showed that Hα and [Fe ii] emission may also trace
different kinematics, so we prefer mass-loss rates and veloc-
ities estimated from the same line to ensure that they trace
the same gas. We therefore use the Hα mass-loss rate in
order to compare the jet kinetic energy across the sample,
but note that the energy may be an order of magnitude or
more higher if the neutral material in the jet is taken into
account.
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Estimated this way, we find jet kinetic energies of 1.5×
1040 . 1
2
Mjetv
2
jet . 2.6×1043 ergs (median ∼ 8×1041 ergs;
see Figure 29). To estimate the local impact of the jet, we
compare the jet kinetic energy to the gravitational binding
energy of the globule. Many of these jets emerge from the
tips of dust pillars that protrude into the H ii region. For
those objects, we assume that the globule is a sphere with
radius, Rglob, equal to half the width of the minor axis of
the pillar head. Not every jet emerges from a pillar head,
however. In cases where a jet emerges from the middle of the
pillar (e.g., HH 903) or multiple jets emerge from the same
globule (e.g., HH 1159-1164 in the Seahorse globule), we take
the globule radius, Rglob, to be half the distance between the
two points where the jet emerges from the cloud.
Preibisch et al. (2012) presented a column density map
of the Carina Nebula based on 70 µm and 160 µm data
from Herschel. Few of the pillars and globules with jets are
resolved in 160 µm image (∼ 10′′ resolution). This pro-
hibits a robust column density determination for each in-
dividual source. Guided by the results of Preibisch et al.
(2012), we instead adopt three values of the column den-
sity to describe jet-driving sources that are (1) visible in
Hα images, (2) can be identified in IR images, and (3) pro-
tostars that remain obscured in an opaque cloud. For jets
where the driving source can be identified in an Hα im-
age, we assume an AV ∼ 1.0 mag, corresponding to a col-
umn density log(NH) ≈ 21.2 cm−2. For embedded driving
sources that can be identified in the IR but are not seen in
the optical, we assume AV ∼ 3.0 mag for a column den-
sity log(NH) ≈ 21.75 cm−2. Lastly, if a source is completely
obscured in an opaque cloud, we assume AV ∼ 10.0 mag
corresponding to a column density log(NH) ≈ 22.3 cm−2.
Reiter & Smith (2013) estimated that AV & 9 mag obscures
the unseen HH 901 driving source. This is consistent with
an AV & 10 mag to the stellar surface estimated for most
Stage 0/I YSOs in the PCYC (see Povich et al. 2011).
Assuming that each jet-driving source is embedded in a
sphere of uniform density, we compute the globule mass as
Mglob = µmH
NH
Rglob
4
3
piR3glob (1)
where µ = 1.35 is the mean molecular weight and mH is
the mass of Hydrogen. The gravitational binding energy,
Ugrav =
3
5
GM2
Rglob
, for these globules ranges from 1.1× 1039 .
Ugrav . 1.3×1043 ergs (median ∼ 1×1041 ergs). Most glob-
ules likely have a larger binding energy than these coarse
estimates. Reiter et al. (2015a) estimate the mass of the
HH 900 globule based on the AV required to hide a ∼ 2 M
protostar and find a globule mass roughly an order of mag-
nitude higher than we estimate here. Using model fits to
the IR SED (including λ > 100 µm photometry), Ohlendorf
et al. (2012) estimate envelope masses ∼ 1 − 3 orders of
magnitude larger than our estimated globule masses.
With these uncertainties in mind, we find that the jet ki-
netic energy is a factor of a few larger than the gravitational
binding energy in most sources (11/15). This coarse estimate
suggests that the jet has adequate energy to disrupt the core
along the outflow axis, creating the disturbed morphology
along the ionization front in, e.g., HH 903 and HH 1004, and
may even reshape small globules like HH 900. In fact, the
median kinetic energy of jets driven by embedded protostars
is an order of magnitude higher than the median energy of
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Figure 30. Comparison of the outflow force as a function of the
driving source luminosity. Sources with a mass-loss rate estimated
from the survival of [Fe ii] (Reiter et al. 2016) are shown with red
diamonds; for sources without [Fe ii] data, we use the mass-loss
rate derived from the Hα emission measure (Smith et al. 2010),
shown with blue asterisks. We note the typical uncertainty for
these two methods of estimating the outflow force alongside the
appropriate symbol in the plot legend. For comparison, we plot
the outflow force estimates derived from radio continuum obser-
vations (triangles) by AMI Consortium et al. (2012); Moscadelli
et al. (2016); Purser et al. (2016) and the outflow force estimated
from low-J CO lines (squares) by Bontemps et al. (1996); van
der Marel et al. (2013); Duarte-Cabral et al. (2013); Maud et al.
(2015); van Kempen et al. (2016).
jets driven by unobscured stars (1.3 × 1042 ergs compared
to 1.2 × 1041 ergs, respectively). This hints at a decrease
in the jet energy with protostar evolution, as expected for
accretion and mass-loss rates that decrease with time (e.g.,
Bontemps et al. 1996; Caratti o Garatti et al. 2012; Anto-
niucci et al. 2014). However, we note that jet velocities are
similar whether or not the driving source is embedded. Dif-
ferences in the jet kinetic energy therefore reflect a difference
in the mass-loss rate. Jets driven by embedded sources may
entrained cloud material which will increase the jet mass in
a way that is uncorrelated with the evolutionary stage of the
driving source.
Radiative losses reduce the amount of jet energy that
is deposited into the star-forming region. In contrast, the
momentum carried by the jet and outflow are injected locally
and conserved within the cloud. We consider the momentum
flux carried by the jets in Carina in the next section.
4.4 Comparison to other types of outflows /
quantifying the outflow force
The momentum carried by protostellar jets has been inves-
tigated as a way to clear the protostellar envelope and drive
turbulence in the larger star forming cloud. Outflows may
dominate feedback in low-mass star-forming regions, but in a
high-mass region like Carina, the contribution of winds and
radiation from dozens of O-type stars will exceed that of jets
and outflows by orders of magnitude (see, e.g., Bally 2011;
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Bressert et al. 2012). Nevertheless, estimating the momen-
tum injected by jets from higher-mass protostars is useful for
understanding how that feedback may affect clusters com-
posed primarily of low-mass stars. In addition, comparing
the momentum flux or outflow force, dPjet/dt, between dif-
ferent sources has been used to investigate the underlying
outflow launching mechanism. Smooth scaling of the rela-
tionship between the outflow force and the bolometric lu-
minosity of the driving source has been used to argue that
the same physical mechanism governs outflow from low- and
high-mass stars (e.g. Ko¨nigl 1999; Maud et al. 2015).
Reiter & Smith (2013, 2014); Reiter et al. (2016) argue
that the irradiated HH jets seen in Carina provide a unique
view of outflow physics common to the formation of more
massive protostars. In embedded star-forming regions, the
highly collimated jet cores will remain unseen behind the
large column of gas and dust typical of more massive star-
forming regions. Reiter & Smith (2014) estimate that four
jets in Carina have enough momentum to power a molecular
outflow comparable to those observed from intermediate-
mass protostars (e.g., Beltra´n et al. 2008). With both mass-
loss rates and velocities, we can test whether the outflow
force of the jets in Carina is comparable to that measured
with other tracers in other environments.
We compute the outflow force in the inner jet using
the transverse velocity measured from Hα proper motions
with the mass-loss rate estimated in that portion of that
jet. Where available, we used the jet mass-loss rates that
Reiter et al. (2016) estimated from the minimum density
to shield Fe+ in the jet (red diamonds in Figure 30). For
jets not included in the Reiter et al. (2016) sample, we used
the mass-loss rates estimated from the Hα emission measure
by Smith et al. (2010) (blue asterisks). Mass-loss rates esti-
mated from the survival of Fe+ are roughly an order of mag-
nitude higher than estimated from the Hα emission measure;
thus the outflow force is also an order of magnitude higher.
Velocity differences between Hα and [Fe ii] may increase the
estimated outflow force by a factor of a few. We compare the
outflow force to the bolometric luminosity of the source esti-
mated from model fits to the IR SED by (Povich et al. 2011,
see Table 2) in Figure 30.
As with the jet kinetic energy, we find that embedded
sources drive more forceful outflows. The median outflow
force of embedded sources is a factor of two higher than the
median outflow force of jets driven by unobscured proto-
stars. While this is a coarse distinction between evolutionary
stages, this trend is in general agreement with the results of
Bontemps et al. (1996) for outflows from low-mass stars.
Several other authors have measured the mechanical
force of CO outflows (e.g. Bontemps et al. 1996; van der
Marel et al. 2013; Maud et al. 2015; van Kempen et al.
2016) and radio continuum jets (e.g. AMI Consortium et al.
2012; Moscadelli et al. 2016; Purser et al. 2016). We include
these sources for comparison in Figure 30. The jets in Ca-
rina presented here lie on the same relation between outflow
force and source luminosity as the outflows from low- and
high-mass stars if the most complete (and therefore higher)
mass-loss rate is used. Smooth behavior of the outflow force
as a function of Lbol from low- to high-masses provides fur-
ther evidence for a common outflow mechanism. We note
that the jets in Carina are more analogous to the low-mass
sources in that we are measuring the contribution of one jet
from one protostar. This is in contrast to the high-mass end
where the outflow force reflects the contribution of every-
thing within that high-mass clump. Finally, placing the jets
in Carina on this relation and finding good agreement with
the outflow force supports the argument of Reiter & Smith
(2013, 2014); Reiter et al. (2016) that the jets in Carina
trace a scaled-up version of low-mass star formation, and a
different view of the same underlying outflow physics that
create outflows from more embedded regions.
5 CONCLUSIONS
We present proper motions of well-defined knots in 37 jets
and HH objects in the Carina Nebula. With two epochs of
Hα HST/ACS images obtained ∼ 10 yrs apart, we are sen-
sitive to nebular motions moving faster than ∼ 15 km s−1.
For 20/37 jets, proper motion confirm the intermediate-mass
protostar (median mass ∼ 3 M) identified along the jet axis
as the driving source.
Transverse velocities in these jets from intermediate-
mass stars are similar to those measured in jets driven by
low-mass stars (the median knot velocity is ∼ 75 km s−1).
We do not observe a significant difference between the knot
velocities in jets driven by embedded protostars and unob-
scured stars. Despite their similar velocities, we find that
jets from embedded sources tend to be more energetic and
have higher momentum than their unencumbered counter-
parts that lay naked in the H ii region.
Dynamical ages of all jets (median ∼ 104 yr) are shorter
than the Class 0/I lifetimes estimated for low-mass stars
(Evans et al. 2009). Many sources have extended inner jets
with dynamical ages of a few hundred years that suggest
a recent/ongoing accretion burst. This provides additional
evidence that episodic accretion may be important for the
formation of stars of all masses and hints that the burst
duration may be longer for higher mass stars.
We combine the kinematics measured in this paper with
mass-loss rates estimated by Smith et al. (2010) and Reiter
et al. (2016) to compute the outflow force. Previous measure-
ments suggest a smooth scaling of the outflow force with
the bolometric luminosity of the driving source. The jets
presented in this work affirm this relationship. Sources lie
closest to the locus of high- and low-mass outflows when the
outflow force is computed using the higher mass-loss rates
obtained by Reiter et al. (2016), who include the neutral jet
core in the estimated mass-loss rate. Unlike other measure-
ments of higher-luminosity sources, we measure the outflow
force of a single jet, rather than the cumulative force of all
outflows from a cluster of forming stars.
Smooth scaling of the outflow force with source lumi-
nosity has also been used to argue in favor of a common
physical mechanism underlying the production of outflows
regardless of driving source mass. That the jets in Carina
fall on the relation between low- and high-mass stars in an
outflow force diagram offers strong additional evidence that
high-mass stars can form via a scaled-up version of low-mass
star formation.
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Table 3: Proper motions and transverse velocities
Knot δx δy vT age
name mas mas [km s−1] [yr]
HH 666
HH 666 D -35 (10) -11 (10) 42 (12) 34548 (8539)
HH 666 A -46 (10) -21 (10) 58 (12) 18048 (2835)
HH 666 E -110 (10) -62 (10) 145 (12) 5642 (162)
HH 666 M -100 (10) -39 (10) 123 (12) 661 (292)
HH 666 M1† -125 (1) -34 (1) 159 (4) 1108 (34)
HH 666 M14† -122 (3) -30 (2) 154 (5) 1097 (42)
HH 666 M13† -122 (1) -33 (3) 155 (4) 850 (27)
HH 666 M2† -124 (1) -40 (1) 159 (4) 789 (25)
HH 666 M3† -113 (0.5) -32 (0.2) 143 (3) 779 (24)
HH 666 M4† -131 (1) -25 (2) 163 (4) 593 (19)
HH 666 M9† -126 (2) -20 (4) 156 (4) 568 (19)
HH 666 M8† -123 (1) -41 (1) 159 (4) 537 (17)
HH 666 M5a† -117 (1) -31 (2) 149 (3) 576 (18)
HH 666 M10† -114 (2) -37 (1) 147 (4) 472 (16)
HH 666 M7† -124 (1) -37 (1) 158 (4) 405 (13)
HH 666 M11† -95 (3) -19 (3) 118 (5) 462 (21)
HH 666 M12† -52 (0.1) -7 (0.3) 64 (1) 1193 (37)
HH 666 O1† 107 (2) 66 (1) 154 (4) 741 (24)
HH 666 O10† 123 (3) 47 (3) 162 (5) 895 (35)
HH 666 O2† 88 (3) 63 (6) 132 (6) 1249 (66)
HH 666 O9† 117 (3) 94 (5) 184 (7) 989 (41)
HH 666 O8† 134 (2) 67 (2) 184 (5) 1017 (34)
HH 666 O3† 108 (1) 54 (1) 148 (4) 1363 (44)
HH 666 O4† 91 (1) 59 (2) 133 (3) 1564 (52)
HH 666 O5† 108 (2) 47 (2) 144 (4) 1434 (52)
HH 666 O6† 50 (67) 52 (52) 88 (73) 2156 (1792)
HH 666 O7† 9 (3) 35 (2) 45 (3) 3210 (194)
HH 666 O 110 (10) 38 (10) 134 (12) 1546 (190)
HH 666 N 82 (10) 45 (10) 108 (12) 3436 (31)
HH 666 Ia 73 (10) 24 (10) 89 (12) 6919 (420)
HH 666 Ib 57 (10) 27 (10) 73 (12) 9247 (873)
HH 666 C 47 (10) 19 (10) 58 (12) 22750 (3766)
HH 666 U 51 (10) 8 (10) 59 (12) 27181 (4575)
HH 666 S 15 (10) 26 (10) 34 (12) 54191 (17053)
HH 901
HH 901 Y 44 (10) 5 (11) 51 (12) 2482 (284)
HH 901 Ya 51 (12) -8 (11) 60 (14) 2110 (243)
HH 901 L 62 (11) 7 (11) 71 (13) 1605 (314)
HH 901 S 64 (10) -2 (10) 74 (12) 1113 (414)
HH 901 U 70 (11) 3 (10) 80 (12) 904 (405)
HH 901 O 65 (10) -7 (10) 75 (12) 726 (465)
HH 901 I -59 (10) -0.6 (10) 68 (12) 591 (539)
HH 901 R -81 (10) -7 (10) 94 (12) 547 (3972)
HH 901 A -68 (11) -9 (10) 79 (13) 883 (409)
HH 901 F -79 (12) -19 (11) 93 (13) 833 (349)
HH 901 E -67 (15) -3 (11) 77 (17) 1138 (315)
HH 901 N -55 (10) 0.3 (10) 64 (12) 1486 (416)
HH 902
HH 902 S 75 (10) -3 (10) 86 (12) 1672 (280)
HH 902 U 62 (10) -11 (10) 72 (12) 1513 (362)
HH 902 E 27 (10) -13 (10) 35 (12) 2657 (377)
HH 902 V -88 (10) 23 (10) 105 (12) 1361 (264)
HH 902 Ia -133 (11) 45 (10) 161 (13) 976 (196)
HH 902 Ib -53 (10) 13 (10) 62 (12) 2515 (232)
HH 902 L -94 (10) 21 (15) 110 (12) 1618 (219)
MNRAS 000, 1–29 (2017)
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HH 902 B -71 (10) 14 (10) 83 (12) 2314 (201)
HH 902 O -106 (10) 26 (10) 125 (12) 1815 (178)
HH 1066
HH 1066 W -102 (10) -36 (10) 124 (12) 304 (323)
HH 1066 Wa -28 (10) 22 (11) 41 (12) 742 (851)
HH 1066 E 87 (40) 159 (43) 208 (49) 190 (166)
HH 900∗
HH 900 A∗ 43 (1) -24 (0.4) 60 (1) 3523 (115)
HH 900 B∗ 31 (1) -2 (2) 37 (2) 5364 (307)
HH 900 C∗ 55 (0.1) -11 (1) 68 (1) 2803 (87)
HH 900 D∗ 74 (1) -31 (4) 97 (3) 859 (34)
HH 900 E∗ 76 (2) -25 (1) 97 (3) 682 (25)
HH 900 F∗ -60 (1) 42 (2) 89 (2) 691 (24)
HH 900 G∗ -77 (1) 39 (1) 104 (2) 746 (24)
HH 900 H∗ -40 (3) 14 (1) 51 (3) 5379 (365)
HH 900 I∗ -42 (1) 28 (1) 61 (2) 4664 (174)
HH 903
HH 903 B 51 (10) 24 (10) 69 (12) 6190 (474)
HH 903 C 49 (10) 22 (10) 66 (12) 6013 (462)
HH 903 E 83 (11) 23 (11) 106 (13) 3090 (27)
HH 903 F 112 (10) 24 (10) 140 (13) 1231 (200)
HH 903 G 64 (10) 24 (10) 84 (12) 2347 (173)
HH 903 H 28 (10) 77 (10) 101 (12) 2236 (157)
HH 903 I -75 (10) -14 (10) 93 (12) 7455 (529)
HH 903 J -73 (10) -25 (10) 95 (12) 7460 (517)
HH 903 K -49 (10) 11 (10) 61 (12) 15164 (2338)
HH 903 L -64 (10) 9 (10) 79 (12) 12897 (1469)
HH 903 M -94 (10) 27 (10) 120 (13) 8815 (557)
HH 903 N -59 (10) 26 (10) 79 (12) 15043 (1806)
HH 903 O -62 (10) 12 (10) 78 (12) 15549 (1915)
HH 903 P -71 (10) 24 (10) 92 (13) 13363 (1343)
HH 903 Q -30 (10) -14 (10) 40 (12) 30824 (8385)
HH 903 R -49 (10) 10 (10) 61 (12) 21030 (3556)
HH 903 S -47 (10) 48 (10) 83 (12) 15100 (1738)
HH 903 T -52 (10) 14 (10) 65 (12) 19725 (3054)
HH 903 U -47 (10) 26 (10) 66 (12) 20281 (3121)
HH 903 V -26 (10) -24 (10) 43 (12) 31611 (8063)
HH 903 W -48 (10) 28 (10) 68 (12) 20112 (3031)
HH 903 X -40 (10) 48 (10) 76 (12) 17594 (2292)
HH 903 Z -38 (10) 59 (10) 86 (12) 14500 (1591)
HH 903 AA -63 (10) 38 (10) 90 (12) 13584 (1394)
HH 903 BB -48 (10) 15 (10) 61 (12) 19376 (3185)
HH 903 II 52 (10) 27 (10) 72 (12) 6549 (521)
HH 903 JJ -64 (10) 7 (10) 79 (12) 7995 (699)
HH 903 KK -86 (10) -10 (10) 106 (12) 6345 (335)
HH 903 LL -50 (10) 14 (10) 64 (12) 15465 (2304)
HH 1004
HH 1004 A 94 (10) -13 (10) 114 (13) 1992 (163)
HH 1004 B 138 (10) -61 (10) 183 (13) 529 (202)
HH 1004 C 128 (11) -63 (10) 173 (13) 517 (212)
HH 1004 D 56 (11) -42 (11) 85 (13) 765 (393)
HH 1004 F 38 (10) -2 (10) 46 (12) 1101 (651)
HH 1004 G 47 (10) -2 (10) 57 (12) 896 (577)
HH 1004 H 24 (10) -27 (10) 44 (12) 833 (768)
HH 1004 I -50 (10) 25 (10) 68 (12) 1030 (459)
HH 1004 J -119 (10) 45 (10) 154 (13) 737 (222)
HH 1004 L -24 (10) 12 (10) 33 (12) 5682 (773)
HH 1004 M -47 (10) -1 (10) 57 (12) 3568 (1)
HH 1004 N -45 (10) 2 (10) 55 (12) 3819 (54)
HH 1004 O -48 (10) -4 (10) 58 (12) 3545 (6)
MNRAS 000, 1–29 (2017)
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HH 1004 P -128 (10) 69 (10) 176 (13) 1612 (131)
HH 1004 R -99 (10) 1 (10) 120 (13) 2651 (85)
HH 1004 U -101 (10) 22 (10) 125 (13) 4187 (71)
HH 1004 X -50 (10) -2 (10) 60 (12) 11518 (1614)
HH 1005
HH 1005 Q -50 (10) -26 (10) 69 (12) ...
HH 1005 S -126 (10) 13 (10) 153 (13) ...
HH 1005 T -50 (10) 45 (10) 81 (12) ...
HH 1005 V -101 (10) -0.007 (10) 123 (12) ...
HH 1005 W -125 (10) 49 (10) 162 (13) ...
HH 1005 Y 1 (10) 1 (10) 1 (12) ...
HH 1006
HH 1006 A -23 (11) -150 (11) 148 (11) 366 (267)
HH 1006 B -37 (10) -129 (10) 131 (10) 308 (309)
HH 1006 C 31 (11) 157 (11) 156 (11) 531 (241)
HH 1006 D 0.14 (11) 44 (10) 42 (10) 6863 (627)
HH 1006 E -3 (16) 75 (11) 73 (11) 4172 (4)
HH 1006 F -9 (10) 64 (10) 63 (10) 5355 (148)
HH 1007
HH 1007 A 24 (10) 57 (10) 71 (12) 1806 (312)
HH 1007 B 32 (10) 59 (10) 77 (12) 1600 (318)
HH 1007 C -35 (10) 0.09 (11) 40 (12) 2901 (231)
HH 1008
HH 1008 B -27 (10) 48 (10) 67 (12) ...
HH 1008 C -21 (10) 38 (10) 53 (12) ...
HH 1008 F -25 (10) 27 (10) 45 (12) ...
HH 1009
HH 1009 A 38 (10) 5 (10) 46 (12) ...
HH 1009 B 87 (10) 39 (11) 115 (13) ...
HH 1009 C 40 (10) 8 (10) 49 (13) ...
HH 1009 D 74 (12) 25 (11) 95 (15) ...
HH 1009 E 43 (12) 24 (10) 60 (14) ...
HH 1009 F 50 (10) 12 (10) 62 (12) ...
HH 1009 G 57 (10) 34 (10) 80 (12) ...
HH 1009 H 73 (11) 70 (12) 122 (14) ...
HH 1009 J 55 (13) -28 (12) 75 (15) ...
HH 1010
HH 1010 P -1 (10) 38 (10) 43 (12) 2199 (421)
HH 1010 B 100 (10) -112 (10) 173 (12) 412 (224)
HH 1010 C 37 (10) -36 (11) 60 (13) 882 (543)
HH 1010 D 66 (11) -62 (12) 105 (13) 363 (372)
HH 1010 E -21 (10) -22 (10) 35 (12) 2382 (468)
HH 1010 F -48 (10) 30 (10) 65 (12) 1645 (379)
HH 1010 G -14 (13) 49 (11) 59 (13) 2061 (295)
HH 1010 H -51 (11) 91 (10) 120 (12) 1080 (255)
HH 1010 I -75 (11) 76 (11) 122 (13) 1128 (238)
HH 1010 J -55 (11) 88 (10) 119 (12) 1406 (224)
HH 1010 K -50 (11) 97 (11) 126 (13) 2114 (136)
HH 1010 L -56 (11) 75 (11) 107 (13) 3478 (8)
HH 1010 M -3 (11) 71 (14) 81 (17) 4853 (455)
HH 1010 N -71 (11) 99 (11) 140 (13) 2976 (42)
HH 1010 O 19 (10) 65 (10) 78 (12) 5357 (247)
HH 1010 A 18 (12) 25 (14) 35 (16) 13267 (4686)
HH 1011
HH 1011 A -0.3(10) 0.05 (10) 0.5 (14) ...
HH 1011 B 6 (10) 3 (10) 9 (14) ...
HH 1012
HH 1012 A 50 (10) 33 (10) 65 (12) 690 (548)
HH 1012 B -18 (11) -164 (10) 181 (12) 116 (234)
HH 1012 C 5 (10) -92 (11) 101 (13) 382 (383)
HH 1012 D 45 (10) -93 (10) 113 (11) 759 (310)
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HH 1012 E -4 (10) -64 (10) 71 (11) 1864 (322)
HH 1013
HH 1013 A 61 (10) -80 (10) 110 (11) 4070 (23)
HH 1013 B 49 (10) -81 (10) 104 (11) 3611 (29)
HH 1013 D 24 (10) -72 (10) 83 (11) 3935 (17)
HH 1013 F 40 (10) -53 (10) 73 (11) 4275 (61)
HH 1013 H -65 (10) 126 (10) 155 (12) 1697 (153)
HH 1013 I -37 (11) 58 (10) 76 (12) 2028 (265)
HH 1013 J -48 (10) 66 (10) 90 (11) 1780 (262)
HH 1014
HH 1014 A -55 (11) -16 (11) 69 (14) 1109 (410)
HH 1014 B -32 (14) -22 (11) 47 (16) 1291 (503)
HH 1014 C -22 (10) -23 (10) 38 (12) 1432 (679)
HH 1014 D -55 (10) -24 (10) 72 (12) 715 (486)
HH 1014 E -24 (10) 7 (10) 30 (12) 1255 (952)
HH 1014 F -72 (10) -26 (10) 93 (12) 342 (425)
HH 1014 G -56 (11) -19 (10) 71 (13) 289 (557)
HH 1014 H -66 (10) -26 (10) 85 (12) 89 (498)
HH 1015
HH 1015 D -103 (11) -39 (11) 107 (11) 517 (352)
HH 1015 E -47 (10) -59 (10) 74 (10) 887 (471)
HH 1016
HH 1016 A -21 (10) -42 (12) 58 (14) ...
HH 1016 C -21 (12) -41 (10) 56 (13) ...
HH 1016 D -37 (10) -49 (10) 75 (12) ...
HH 1016 E -73 (14) -96 (14) 146 (18) ...
HH 1016 F -67 (15) -39 (11) 94 (17) ...
HH 1017
HH 1017 NE2-A 49 (10) -56 (10) 85 (12) 2071 (229)
HH 1017 NE2-B -3 (10) -1 (10) 4 (12) 37951 (98166)
HH 1017 NE1 51 (10) -55 (10) 86 (12) 860 (392)
HH 1017 jet -25 (10) 49 (10) 63 (12) 171 (663)
HH 1017 SW1 -47 (10) 53 (10) 81 (12) 495 (466)
HH 1017 SW2 -26 (10) 74 (10) 90 (12) 1098 (341)
HH 1017 SW3 -49 (10) 70 (10) 98 (12) 1934 (214)
HH 1018
HH 1018 A -48 (11) -62 (11) 94 (14) 140 (443)
HH 1018 B -19 (10) -26 (10) 38 (12) 2592 (311)
HH 1019
HH 1019 A‡ 38 (10) -86 (10) 103 (11) 1754 (232)
HH 1019 B‡ -0.07 (10) -45 (10) 50 (11) 2030 (427)
HH 1019 C‡ 3 (10) 90 (10) 98 (11) 532 (383)
HH 1019 D‡ -1 (10) 40 (10) 43 (11) 2912 (266)
HH 1019 E‡ -15 (10) 74 (10) 83 (11) 1842 (279)
HH 1019 F‡ -26 (10) 102 (10) 115 (11) 1841 (199)
HH 1019 G‡ -13 (10) -88 (10) 97 (11) 1234 (307)
HH 1156
HH 1156 K -36 (11) 12 (10) 44 (12) 7107 (1015)
HH 1156 L -42 (12) 26 (11) 56 (13) 5263 (486)
HH 1156 M -47 (12) 16 (10) 57 (13) 5089 (423)
HH 1156 N -34 (10) 12 (10) 41 (12) 6966 (931)
HH 1156 O -29 (10) 26 (11) 44 (12) 6391 (773)
HH 1156 I 36 (10) -65 (10) 85 (12) 1943 (246)
HH 1156 J 25 (10) -51 (10) 65 (12) 2571 (206)
HH 1156 P 10 (10) -59 (10) 69 (12) 3671 (2)
HH 1159
HH 1159 A 19 (10) 51 (10) 65 (12) ...
HH 1159 B -1 (10) 24 (10) 29 (12) ...
HH 1159 C -1 (10) 25 (10) 31 (12) ...
HH 1159 D -1 (10) 46 (10) 56 (12) ...
MNRAS 000, 1–29 (2017)
Proper motions of jets in Carina 29
HH 1159 E -2 (10) 50 (10) 61 (12) ...
HH 1160
HH 1160 A -51 (10) -23 (10) 68 (12) 1473 (382)
HH 1160 B -24 (10) -57 (10) 75 (12) 1235 (384)
HH 1160 C -37 (10) -49 (10) 75 (12) 1130 (400)
HH 1160 D 37 (10) 38 (10) 65 (12) 765 (534)
HH 1161
HH 1161 A -4 (10) 100 (10) 121 (12) 547 (308)
HH 1161 B -1 (10) 101 (10) 123 (12) 498 (308)
HH 1161 C -14 (10) 100 (10) 122 (12) 668 (292)
HH 1161 D 60 (10) -39 (10) 87 (12) 1059 (357)
HH 1161 E 1 (10) -27 (10) 32 (12) 3551 (13)
HH 1162
HH 1162 A -1 (10) 23 (10) 28 (12) ...
HH 1162 B -8 (10) 25 (10) 32 (12) ...
HH 1162 C 13 (10) 43 (10) 55 (12) ...
HH 1162 D 11 (10) 12 (10) 20 (12) ...
HH 1162 E -25 (10) 26 (10) 45 (12) ...
HH 1162 F 4 (10) 48 (10) 59 (12) ...
HH 1162 G 23 (10) 48 (10) 65 (12) ...
HH 1163
HH 1163 A 45 (10) -24 (10) 62 (12) 209 (674)
HH 1164
HH 1164 A 36 (10) 25 (10) 54 (12) 270 (759)
HH 1164 B 32 (10) 24 (10) 48 (12) 405 (811)
HH 1166
HH 1166 A -12 (10) -49 (10) 61 (12) 20641 (3393)
HH 1167
HH 1167 A -49 (10) 22 (10) 65 (12) 428 (591)
HH 1168
HH 1168 A 36 (10) -10 (10) 41 (11) ...
HH 1169
HH 1169 A -42 (10) 37 (10) 69 (13) 3302 (33)
HH 1170
HH 1170 A -49 (10) 49 (10) 84 (12) ...
HH 1171
HH 1171 A -23 (10) 46 (10) 62 (12) ...
HH 1171 B -47 (13) 49 (11) 82 (14) ...
HH 1171 C -30 (11) 141 (12) 174 (15) ...
HH 1171 D 4 (12) 27 (11) 34 (13) ...
HH 1171 E 31 (12) 74 (16) 98 (19) ...
HH 1172
HH 1172 A -137 (87) 134 (41) 235 (84) 31 (174)
HH 1173
HH 1173 A -36 (10) -35 (10) 58 (12) 534 (648)
HH 1173 B -50 (10) -10 (10) 59 (12) 461 (653)
† proper motions measured by Reiter et al. (2015b)
∗ proper motions measured by Reiter et al. (2015a)
‡ proper motions measured by Reiter et al. (2017)
MNRAS 000, 1–29 (2017)
